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Island-based catchment
—The Taiwan example
Chen-Tung Arthur Chen Æ James T. Liu Æ Ben-Jei Tsuang
Abstract Rapid economic and industrial
development in Taiwan over the past five decades
has elevated the island’s standing and earned it a
place in the group known as the Four Small Dragons
of Asia. Such growth, however, has been at the
expense of the environment. There are currently
nearly 23 million people juggling for space on the
small island of 35,873 km2. Aggravating the matter
further, the central mountain ranges and hills take
up 73.6% of the land area with some 156 peaks
surpassing 3,000 m. As a result, most people live in
coastal plains which amount to only 9,490 km2.
Pressure to move people inland has led to road
construction and deforestation, both of which have
contributed to an already high denudation rate of
topsoil. As a consequence of this, thirteen rivers in
Taiwan are now ranked among the top 20 worldwide
in terms of sediment yield. Aside from this, the
frequency of both floods and droughts increased
prior to 1990, perhaps because of deforestation and
global warming. Fortunately, the new conservation-
orientated forest management policy of 1991 has
alleviated the problem, somewhat, and the
occurrence of floods and droughts has since
decreased. The problem of water shortage, however,
has worsened because of the warming trend in
atmospheric temperature. Damming may ameliorate
the water shortage problem but may affect the
shoreline stability, as well as the ecology and water
quality in the estuaries. Furthermore, these detri-
mental effects may go far beyond the estuaries, and
even fisheries on the continental shelves may be
affected.
Keywords River catchment hydrology Æ Climate
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Introduction
The seeds of an increasing number of environmental
problems driven by industrialization, urbanization,
deforestation and climatic change have reshaped peo-
ple’s thinking about the future well-being of all man-
kind. There’s no question that all economic sectors,
including agriculture, aquaculture, fisheries, forestry,
tourism, coastal property, the energy sector and even
urban water supply, are sensitive to environmental
problems, but islands, in particular are even more vul-
nerable since they lack the capacity to buffer the impact
of detrimental forces.
Now included among Asia’s Four Small Dragons, Taiwan
with its rapid economic and industrial expansion has
had to pay the price as far as environmental damage
goes. Compared with only six million people in 1946,
one year after Japan returned it to China, there are now
some 23 million people competing for space on the
small island. As most people prefer to live in the coastal
plains, extensive construction of roads and other infra-
structure as well as deforestation have gone on contin-
uously, thereby, aggravating an already high denudation
rate of topsoil. This has placed 13 rivers in Taiwan
among the world’s top 20 with respect to sediment yield
(data taken from GESAMP 1994; Shih et al. 1995a, b).
To make matters worse, until a decade ago, the occur-
rence of floods and droughts was seriously on the in-
crease. The coastal zone, in particular, may be the most
affected by these environmental pressures mentioned
above, in addition to problems related to climate change
such as sea-level rise, enhanced coastal denudation and
eutrophication, among others. Even fisheries are likely to
suffer.
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Geographical setting
Taiwan’s location with the Tropic of Cancer traversing its
southern part subjects it to somewhat severe sub-tropical
conditions (Fig. 1). While the northeast monsoon prevails
from October through March when only 20% of the annual
precipitation falls, the southwest monsoon prevails from
April through September. Maiyu (plum rain, or the almost
continuous spring rain at a time when plums are ripen in
central and southeastern China), typhoons and thunder-
storms during this wet season bring 80% of the annual
precipitation. The average rainfall between 1949 and 1990
was 2,515 mm annually. The island of Taiwan has an area
of 35,873 km2, but with its offshore islands, the total area
occupies 36,000 km2 and has a total annual rainfall of
90.5·109 m3.
In geophysical terms, the areas of steep mountain terrain
above 1,000 m elevation cover 32% of the island and
include 156 peaks exceeding 3,000 m. Hills and terraces
between 100 and 1,000 m elevation comprise 31% of the
island, while alluvial plains below an elevation of 100 m
cover the remaining 37%. The flat coastal plains actually
only occupy 9,490 km2. Moreover, Taiwan has 21 prin-
cipal rivers, 29 secondary rivers and 79 ordinary streams.
The hydrology of these can be found in annual reports
like the Summary of Hydrological Features in Taiwan,
Republic of China, published by the Water Resources
Bureau (formerly the Water Resources Planning Com-
mission) of the Ministry of Economic Affairs (Water
Resources Planning Commission 1970–1996; Water
Resources Bureau 1997–2000). Water quality data
including dissolved oxygen, biochemical oxygen demand,
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Fig. 1
Geographical map of Taiwan
showing the terrain and major
rivers
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suspended solids, ammonia, pH, turbidity, conductivity,
chlorinity, temperature, Cd, Pb, Cr, Cu, Hg, Zn, E-coli,
chemical oxygen demand and total phosphorus content
can be found for many locations at http://alphapc.epa.
gov.tw.
Extremely high sediment yield
Although the material fluxes are not high, owing to their
small catchment area, rivers in Taiwan have rather large
per unit area discharges. For instance, just like in New
Guinea (Milliman 1995), the steepness and high rainfall,
coupled with deforestation and road construction, have
made many rivers rather muddy. Table 1 summarizes the
top 20 rivers worldwide and their ranking in terms of
sediment yield (T km)2 yr)1) for rivers originating from
elevations above 3,000 m and having a catchment area
larger than 300 km2. Nine rivers in Taiwan are included
and all rank high.
Table 2 summarizes the top 20 rivers in terms of sediment
yield for rivers with a unit-area runoff exceeding 1.8·106
T km)2 yr)1, but excluding creeks with a catchment area
smaller than 300 km2. Despite a clear correlation between
the yield and the unit-area runoff, the relationship is not
linear. For example, the No. 1 river in unit-area runoff
(8.9·106 T km)2 yr)1), the Hokitika River in New Zealand,
ranks only sixth in terms of sediment yield. The distant
second and third in terms of unit-area runoff (6.5·106 and
6.0·106 T km)2 yr)1, respectively), the Cleddau and the
Haast Rivers also in New Zealand, rank tenth in terms of
yield. The last on the list in unit-area runoff, the Tungkang
River in Taiwan, ranks only 47th in yield. It is noteworthy
that 15 rivers in Taiwan are ranked.
Table 3 lists the top 20 rivers worldwide in terms of sed-
iment yield. Again, only rivers with a catchment area lar-
ger than 300 km2 are listed. Thirteen rivers in Taiwan are
included, highlighting the importance of small catchments.
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Table 1
Top 20 rivers ranked in terms of sediment yield for rivers originating
from elevations above 3,000 m
River Yield (T/km2/yr) Unit-area runoff
(103 m3/km2/yr)
Choshui (Taiwan) 20,000 (*3) 1,900
Hoping (Taiwan) 17,500 (5) 2,560
Peinan (Taiwan) 14,800 (7) 2,350
Liwu (Taiwan) 14,193 (8) 2,070
Kaoping (Taiwan) 11,000 (12) 2,700
Aure (New Guinea) 11,000 (12) -
Lanyang (Taiwan) 8,200 (17) 2,900
Taan (Taiwan) 6,300 (22) 2,000
Tanshui (Taiwan) 4,100 (26) 2,200
Tachia (Taiwan) 2,900 (35) 2,050
Purari (New Guinea) 2,600 (37) 2,500
Fly (New Guinea) 1,500 (45) 1,300
Yellow (China) 1,400 (67) 77
Magdalenc (Columbia) 920 990
Brahmaputra (Bangladesh) 890 630
Irrawaddy (Myana) 620 995
Ganges (Bangaladesh) 530 590
Indus (Pakistan) 260 245
Yangtze (China) 250 460
Amazon (Brazil) 190 100
*Numbers in parenthesis indicate world ranking for all rivers with a
catchment area larger than 300 km2; data taken from GESAMP (1994);
Milliman et al. (1995) and; Shih et al. (1995a, b)
Table 2
Top 20 rivers ranked in terms of sediment yield for rivers with a
unit-area runoff exceeding 1.8·106T km)2 y)1
River Yield (T/km2/yr) Unit-area runoff (103
m3/km2/yr)
Tsengwen (Taiwan) 26,000 (*2) 2,000 (*18)
Choshui (Taiwan) 20,000 (3) 1,900 (20)
Hoping (Taiwan) 17,500 (5) 2,560 (11)
Hokitika (N.Z) 17,000 (6) 8,900 (1)
Peinan (Taiwan) 14,800 (7) 2,350 (14)
Liwu (Taiwan) 14,193 (8) 2,070 (16)
Hualien (Taiwan) 13,500 (9) 2,700 (7)
Cleddau (N.Z) 13,000 (10) 6,500 (2)
Haast (N.Z) 13,000 (10) 5,970 (3)
Hsiukuluan (Taiwan) 11,000 (13) 2,700 (7)
Kaoping (Taiwan) 11,000 (13) 2,700 (7)
Lanyang (Taiwan) 8,200 (17) 2,900 (5)
Taan (Taiwan) 6,300 (22) 2,000 (18)
Linpien (Taiwan) 5,400 (24) 2,600 (10)
Tanshui (Taiwan) 4,100 (26) 2,200 (15)
Wu (Taiwan) 3,450 (33) 1,850 (21)
Tachia (Taiwan) 2,900 (35) 2,050 (17)
Purari (New Guinea) 2,600 (37) 2,500 (12)
Rakaia (N.Z) 1,600 (44) 2,400 (13)
Tungkang (Taiwan) 1,300 (47) 3,250 (4)
*Numbers in parenthesis indicate world ranking for all rivers with a
catchment area larger than 300 km2; >data taken from GESAMP
(1994); Milliman et al. (1995) and; Shih et al. (1995a, b)
Table 3
Top 20 rivers in the world ranked in terms of sediment yield
(T/km)2 y)1)
River Yield (T/km2/yr)
Erhjen (Taiwan) 36,000
Tsengwen (Taiwan) 26,000
Choshui (Taiwan) 26,000
Waiapu (New Zealand) 20,000
Hoping (Taiwan) 17,500
Hokitika (New Zealand) 17,000
Peinan (Taiwan) 14,800
Liwu (Taiwan) 14,193
Hualien (Taiwan) 13,500
Haast (New Zealand) 13,000
Cilutung (India) 12,000
Kaoping (Taiwan) 11,000
Hsiukuluan (Taiwan) 11,000
Aure (New Guinea) 11,000
Chihpen (Taiwan) 10,431
Yenshui (Taiwan) 10,000
Lanyang (Taiwan) 8,200
Houlung (Taiwan) 8,000
Angat (Philippines) 8,000
Cimanuk (India) 7,800
Only rivers with a catchment area larger than 300 km2 are ranked;
data taken from GESAMP (1994); Milliman et al. (1995) and Shih et al.
(1995a, b)
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Previously, Milliman and Syvitski (1992) pointed out that
rivers on high-standing islands, such as Taiwan, are in-
deed most important for global sediment flux to the
oceans. Many of the islands they mentioned are located on
active tectonic belts. The complex interplay among such
tectonic processes as uplifting, land subsidence and riv-
erine sediment supply is known to play an important role
in the development of the coastlines of these islands (Liu
et al. 1998). The following concentrates on the freshwater
supply.
The Kaoping River
The largest river in Taiwan, the Kaoping River in the
south, is investigated in detail and is taken as an example
in this paper. It has a drainage area of 3,257 km2, a mean
annual runoff of 8.46·109 m3 and a suspended sediment
discharge of 3.61·107 T (Water Resource Bureau 1997–
2000). Due to the influence of monsoons and episodic
typhoons, the annual discharge of the Kaoping River is
concentrated in summer and early fall. On average, the
amount of discharge in June, July, August and September
is equal to about 78% of the annual discharge of the river.
The suspended sediment load estimated near the mouth of
the river indicates that the highest amount of suspended
sediment is discharged in August. This means that there
are distinctive flood and dry seasons in the annual
hydrological cycle of the river, which is typical of rivers in
monsoonal southern Taiwan (Fig. 2). On average, the
monthly mean runoff of the Kaoping River in the flood
season is one order of magnitude greater than that in the
dry season.
This long-term characteristic, however, also shows inter-
annual variations. For example, the mean monthly
discharge for August 1999 was two times higher than the
41-year average. This, in fact, reflects the higher-than-
normal precipitation in the river basin in the summer of
1999, which was a La Nin˜a year. Subsequent close exami-
nation of the daily runoff and sediment content of the
Kaoping River in 1999 and the first half of 2000 shows that
several runoff and sediment discharge events took place
during the flood seasons when values three times as high
as the average flood season level (Fig. 3) were reported.
Although these events are episodic, they nevertheless
represent periods when extreme values occur. Therefore,
the frequency of occurrence and the causes of these events
need to be investigated further because of their significant
environmental impact.
On the decadal time scale, an examination of the mean
monthly runoff at the middle reaches of the river over
the past 42 years (the longest continuous record for the
river basin) reveals a decreasing trend in the maximum
value of the runoff (Fig. 4). By and large, climate change
and anthropogenic activities are more likely to affect the
hydrology of a small catchment. Fig. 5 presents the
projected annual discharge of a flood of 100-yr return
frequency on a tributary of the Kaoping River based on
the log-Pearson type III distribution of annual discharge
(Viessman et al. 1977) for each 24 yr period. The tribu-
tary is an unimpaired stream, i.e. without irrigation or
artificial reservoirs in the upstream. Before 1991, the
discharge of the flood was on the rise. However, Fig. 6
reveals that the projected discharge of a drought of 100-
yr return frequency was on the decline. Since the pre-
cipitation pattern has no clear trend, the higher peak flow
in the wet years and lower minimal discharge in the dry
years may be a result of deforestation (Newson 1997),
which reduced forest coverage in Taiwan from around
90% to about 52% in the last century. Figure7 shows the
harvest volume of forests on Taiwan from 1958 to 1998
(COA 2000). An average of 720,000 m3 of lumber were
harvested annually up to 1991 at which time the Taiwan
government changed the orientation of the forest man-
agement policy from production-based to conservation-
based (The Executive Yuan order, Tai-non #32920, 1991/
10/18). Since then, the harvested volume has been dras-
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Fig. 2
Mean monthly discharge of the Kaoping
River and the monthly discharge for 1999
and the first three months of 2000 (data from
Water Resources Bureau)
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tically reduced to a value lower than 100,000 m3 yr)1.
Interestingly, the frequency of floods and droughts before
1991 both increased, but since enactment of the order,
both have noticeably declined.
Although the conservation-based forest management pol-
icy has reduced the frequency of floods and droughts,
there is a long-term trend toward a decreasing runoff of
the unimpaired tributary. The runoff in the month of
August for the years between 1958 and 1999, when the
tributary experienced its highest value, is used as an
example (Fig. 8). During the 42 years, the runoff depth
decreased 18 mm d)1 or 41%, causing a serious shortage
of water resources. This problem is especially serious for
Taiwan because the island is so highly dissected
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Fig. 4
Long-term monthly discharge records from
1958 through 1998 at the Shin-fa Bridge
gauging station in the middle reaches of the
Kaoping River basin (data from Water
Resources Bureau)
Fig. 5
Projected annual sediment discharge of a
flood of 100-year return frequency on a
tributary of the Kaoping River. The two solid
lines show one increasing and one decreas-
ing trend, and the dashed line shows the
long-term decreasing trend
Fig. 3
Daily runoff and sediment concentration
observed at a gauging station about
34 km landward from the mouth of the
Kaoping River from January 1, 1999
through July 31, 2000. The two vertical
axes are on logarithmic scale (data from
Water Resources Bureau)
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geographically. Many places in the central mountain ran-
ges are geographically classified as extremely dissected
with a roughness of >160 m km)1 (Meybeck et al. 2001).
Only 0.4% of all land on Earth is dissected as much.
Furthermore, the rest of the island is also highly dissected
with a roughness between 80 and 160 m km)1 compared
with only 5.8% of the Earth’s total surface. Given the
roughness of the terrain, inter-basin management of water
resources in Taiwan is difficult, at best.
To correlate the trend for flood and drought discharges
with possible climatic factors, variations in precipitation
and air temperature are investigated. Fig. 9 shows the
monthly precipitation rate at the upstream Yushan
weather station of the Kaoping River basin during the
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Fig. 8
Monthly mean of the daily runoff depth on a
tributary of the Kaoping River in August
Fig. 7
Annual harvested volume of lumber (COA
2000)
Fig. 6
Projected annual discharge of 100-yr
drought on a tributary of the Kaoping River.
The two solid lines show one decreasing and
one increasing trend, and the dashed line
shows the long-term decreasing trend
Original article
same period in August (CWB 1985). The station is located
at an elevation of 3,850 m on Mt. Yu, the highest mountain
in East Asia. No significant trend in precipitation can be
detected. If anything in fact, there appears to be some
increase, but it is not significant. Therefore, the decrease in
runoff cannot be explained by changes in precipitation. On
the other hand, a significant increase in air temperature
during this period at the same weather station is observed
(Fig. 10). The temperature in August increased 0.81 C in
40 years, which, no doubt, resulted in an increase in
evapotranspiration. It follows that this could have caused
the decrease in runoff. To quantify the impact of
increasing temperature on runoff in August, a multiple
linear regression model is derived as follows (Tsuang et al.
1996):
runoff ¼ 1:0 0:2ð Þppt  3 2ð ÞTa þ 23 16ð Þ
where runoff is the monthly mean daily runoff of the
Kaoping River basin (mm d)1); and ppt and Ta are,
respectively, precipitation rate (mm d)1) and air temper-
ature (C) at Yushan station. The parentheses indicate the
standard errors in the coefficients. This equation has a
correlation coefficient of 0.78 and a standard error of
8.3 mm d)1 in the estimated runoff. The negative coeffi-
cient of Ta shows that an increase of 1 C in air temper-
ature causes a decrease of 3 mm d)1 in runoff. A similar
decrease in runoff due to an increase in air temperature
was observed by Tsuang et al. (1996) throughout Taiwan.
It suffices to say that the trend toward global warming has
brought about a decrease in runoff in small catchments,
such as in the Kaoping River basin. Hence, the problem of
water shortage is fast becoming an increasing burden
(Hansen 1987; IPCC 1990). A spectral analysis of runoff
records shows that the major variable has a periodicity of
12, 1.09, 0.92 and 0.52 yrs (Fig. 11). We speculate that
these periodicities correspond to the meso-scale regional
climatic variability plus the annual and intra-annual
meteorological and hydrological variations in the drainage
basin, respectively.
Effects of damming
Originally constructed to generate electricity, dams (>15-m
high) and their reservoirs are increasingly relied upon to
make water available during the dry season. Fig. 12 sum-
marizes the history of dam construction in Taiwan with
the first recorded in 1885. They currently total 40 in
number and have a combined reservoir capacity of
2.7·109 m3. In addition, there are between 5,000 to 6,000
sand-filtering dams in the upper stretches of Taiwan riv-
ers. These help slow the siltation of the 40 reservoirs, but
they also interfere with the migration of fish and other
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Fig. 9
Monthly mean of the daily precipitation at Yushan
Station in the Kaoping River in August
Fig. 10
Monthly mean air temperature at Yushan Station
for the month of August (1958–1999)
Original article
freshwater species. Furthermore, sediment trapping by
these dams has contributed to the erosion of many coastal
deltas and beaches, but this is made even more critical by
the overpumping of groundwater. Cumulatively,
1,000 km2 of the precious flat lands have subsided in
Taiwan (Hwang 2000).
Conclusion
In summary, high mountainous rivers located in Taiwan,
just like other tropical and subtropical regions of the world
display (1) distinct dry and flood seasons in their annual
hydrological cycle; (2) a range of magnitude spanning
several orders of magnitude; (3) extreme values in runoff
and sediment content controlled by episodic events that
mostly occur in the summer (flood season); and (4) strong
variability in terms of runoff at annual and intra-annual
frequencies suggesting co-modulation by monsoons and
frontal movements.
Since rivers are major conduits to the coastal sea, for land-
derived substance, whether it be sediments, nutrients or
pollutants the environmental implications from these
preliminary findings are that the great variability in the
runoff and sediment load inevitably has an impact on the
shoreline stability, as well as the ecology, fishery and water
quality in the estuaries and coastal areas adjacent to river
mouths.
Worldwide, economic damage attributed to natural
disasters increased threefold from the 1960s (US $40 bil-
lion) to the 1980s (US $120 billion). It tripled again in the
following decade (US $400 billion through 1996) (Wilhite
2000). The economic, social and environmental losses
associated with floods and droughts contribute to a major
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Fig. 11
Spectral analysis results of the
40 year mean monthly runoff at
the Shin-fa Bridge, Kaoping
River basin. The frequency is in
cycles per day. The two dashed
lines mark the upper and lower
bounds of the spectra at the 90%
confidence level
Fig. 12
Number of dams/reservoirs and their total capacity in Taiwan since
1886
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portion of this damage although it is difficult to assign
exact values because of the lack of reliable historical esti-
mates of the losses. It will suffice to say, however, that even
in tropical southern Taiwan where rainfall is three times
the global average, the possibility of drought in the dry
season, is indeed, looming on the horizon.
These detrimental effects, however, may go far beyond the
estuaries and even fisheries on the continental shelves may
be affected. High population growth, intensified by the
drop in mortality rates, translates into increased pressure
on land and land-based natural resources. Protein intake
tends to be low in most East Asian countries and any
increase in protein intake levels will have to be supplied in
increasing proportions by marine resources, notably fish
stocks. Unfortunately, however, the U.N. Food and
Agriculture Organization (FAO) has made estimates of the
world’s fish-catches, and we now have reasons to believe
that we have reached if not passed the maximum sus-
tainable yield of wild fish stocks.
Adversely and directly affecting fisheries is in general the
present result of rapid coastal and river basin develop-
ment, and this leads not only to the loss of nursing
grounds and habitats, but also the addition of pollution.
The examples cited above serve to point out that river flow
patterns have changed drastically due to human inter-
ventions. It is true that sediment load helps the deltas to
grow and provides food for marine organisms. The ten-
dency to build dams, however, will no doubt continue to
reduce river outflow. A resulting reduction in freshwater
outflow, compounded by such other factors as enhanced
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Fig. 13
Upwelling induced by the buoyancy provided by
the river outflow on a shelf
Fig. 14
Anomalies of the Changjiang River outflow and the
Catch Per Unit Effort in the East China Sea
(modified from Lin et al. 1995)
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evapotranspiration, could reduce the buoyancy effect of
the river plume (Fig. 13). That is, the less-saline but
nutrient-rich river plume would be reduced in volume and
would spread out over a smaller area on the continental
shelf. This, in turn, would reduce the upwelling of nutri-
ent-rich subsurface waters. Along with this, it can be ex-
pected that primary production and fish catch will
decrease as well (Chen 2000). It is worth noting that cut-
ting river outflow will also reduce the outflow of nutrients.
However, the reduction of upwelling reduces the nutrient
input to the surface euphotic zone much more.
It is clear that overfishing and pollution have resulted in a
decline in fisheries. Reduction in the sources of nutrients
from rivers and upwelling will further aggravate the
problem. For instance, Fig. 14 shows the correlation be-
tween the anomalies of the Changjiang (Yangtze) River
outflow and the Catch Per Unit Effort (CPUE) in the East
China Sea. When there was an El Nino/Southern Oscilla-
tion event the reduction in the river outflow corresponded
with the reduction of CPUE. Such a reduction in fisheries
may very well have reflected the reduced nutrient supply.
Dams would aggravate the nutrient reduction.
It is difficult to reverse the trend toward river outflow
reduction; thus, other mitigation measures must be con-
sidered. One such step, for instance, started in 1998 when
the Chinese government ruled that there would be no
fishing in the Bohai, Huanghai (Yellow Sea) and East
China Seas for two months in summer. The two-month
(June and July) ban was extended to the South China Sea
south to 12N in 1999. This is in addition to the year-
round ban on trawling in the PRC’s territorial waters down
to a depth of 40 m and in other specified areas, such as
important spawning grounds (Morton 2000). Moreover,
further steps such as measures to reduce riverine pollution
as well as to curtailing poison and dynamite fishing must
be taken to sustain fish populations.
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